Abstract
Introduction

36
Hedgerow olive orchards with high plant densities (> 1500 trees ha to replace maximum crop evapotranspiration in semi-arid areas such as SW
41
Spain (Fernández et al., 2013) . This explains the increasing interest in developing 42 precision irrigation techniques to increase water productivity (Cuevas et al., 2013; Egea 43 et al., 2016; Fernández et al., 2013; Gómez Del Campo and García, 2013; Padilla-Díaz 44 et al., 2016) . The spatial variability in crop water needs caused by soil heterogeneity and 45 differences in canopy cover may be an important limitation for efficient irrigation when 46 water is applied uniformly across the orchard (Couvreur et al., 2016) . Characterization of the spatial variability of crop water needs is therefore a prerequisite to apply precise reported in Bellvert et al. (2016) . These differences in the sensitivity of T c -T a to VPD in 105 olive are so important that more research is needed to reduce the degree of uncertainty 106 in the appropriate NWSB to be used in SHD olive orchards. Moreover, these studies 107 provided a single NWSB obtained with measurements collected at a certain daytime 108 (e.g. 12:30 GMT in Berni et al., (2009) ), but a comprehensive study on how NWSB 109 varies both along the day and the season is lacking in olive trees.
110
To reduce the lack of information mentioned above on the use of CWSI and NWSB in 111 olive, we design this study according to the following objectives: (i) to determine the
Irrigation treatments
141
Three irrigation treatments were established in the orchard, as described in Padilla-Díaz (period 1, mid-April), at 6 to 10 weeks after full bloom (period 2, June) and some 3 152 weeks prior to ripening (period 3, from late August to mid-September). For the rest of 153 the year just one or two irrigation events per week are applied. The crop coefficient 154 method was applied for scheduling irrigation in both the FI and 45RDI CC treatments,
155
with crop coefficients adjusted for the orchard conditions by Fernández et al. (2013) .
156
For the 45RDI TP treatment irrigation was scheduled from the outputs of the ZIM probes,
157
which are related to the leaf turgor pressure. We used the approach described by 158 Padilla- Díaz et al. (2016) . Basically, the shape of the daily curves provided by the ZIM 159 probes and the 3-day weather forecast were used to adjust irrigation on the three periods 160 mentioned above, such that the irrigation amounts were close or equal to IN on those 161 periods. In between the periods and after period 3, all treatments were irrigated with the 162 crop coefficient approach and according to the 45RDI strategy described by Fernández 163 (2014). We used four 16 m x 12 m plots per treatment, in a randomized block design.
164
Each plot contained 32 trees, of which measurements were made on the central 8 trees
165
to avoid border effects. water (REW) for all treatments, as described elsewhere (Fernández et al., 2013 and on the same trees where  st was measured, but between 09:00-10:00 GMT, the 200 time of maximum daily stomatal conductance in this species (Fernández et al., 1997) . A
201
Licor LI-6400 portable photosynthesis system (Li-cor, Lincoln Nebraska, USA) with a 202 2 cm × 3 cm standard chamber that was used to measure g sm and leaf transpiration rate 
277
In addition to the diurnal effect on the NWSBs, a marked seasonal effect in the T vs
278
VPD relationship was also observed (Fig. 4) , as the NWSB shifted in August (Period B)
279
and September (Period C), compared to the values derived in June-July (Period A).
280
When T and VPD of a given time of the day and for a given phenological period were 281 regressed, the level of agreement of the NWSBs increased significantly, and the diurnal 282 effect of R 2 observed using pooled data (Table 2) was not noticed (Table 3) . Seasonal 283 variations in the NWSBs were mainly due to significant variations in the NWSB-284 intercepts, as the NWSB-slopes remained almost invariant throughout the irrigation 285 season (Table 3) . As observed for the NWSBs obtained with pooled data (Table 2) , the
286
NWSBs derived during the three periods of study (A, B and C) also exhibited a strong 287 diurnal variation (Fig. 5) . The diurnal time-course of the NWSB-intercepts was 288 successfully modeled with fourth-order polynomial equations during the three periods 289 of study (A, B and C) (Fig. 6 ), whereas that of the NWSB-slopes was successfully 290 modeled with second-order polynomial equations (Fig. 7) . In order to reduce the 291 empiricism and site specificity of these models, the parameters of the NWSBs obtained
292
were regressed against the zenith solar angle (Testi et al., 2008) . While the relation between the NWSB-slopes and zenith solar angle was not significant (data not shown),
294
the NWSB-intercepts showed a tight relationship with solar angle (Fig. 8) . As depicted 295 in Fig. 8a , this relationship showed a marked hysteresis during periods A and B but not 296 in period C. When the dataset was split into morning and afternoon data, it was 297 observed that the relationship NWSB-intercept vs solar angle was season-dependent 298 during the morning hours only (period C differed from A and B) (Fig. 8b) , whereas no 299 seasonal effect on NWSB-intercept was observed during the afternoon (Fig. 8c) . were much higher than those found in FI trees, up to approximately 0.7 (Fig. 9a) .
309
During the last water stress period (DOY 258 onwards), the differences in CWSI 310 between FI and 45RDI TP were lower, with values close to 0 and 0.2, respectively.
311
The CWSI values determined from aerial thermal imaging in FI, 45RDI TP and 45RDI CC 312 treatments are depicted in Fig. 9b (E m ) and CWSI was somewhat weaker than that previously described for  st and  l ,
329
with a coefficient of determination of 0.6 (Fig. 10d) . Stomatal conductance (g sm ) was 330 the physiological variable that exhibited the tightest linear relationship with CWSI, with 331 a coefficient of determination of 0.91 (Fig. 10c) . 
Discussion
333
The diurnal variation observed in the non-water-stressed baselines (NWSBs) derived for 334 olive trees (Fig. 5) 2008), the diurnal evolution of the NWSB-slope in olives was stable only from 12:00
356
GMT onwards, whereas an increasing trend that was more pronounced as the season 357 progressed was observed between 8:00 to 12:00 GMT (Fig. 7) .
358
Compared to other crop species, the NWSB-intercept derived for olives (the maximum 
418
The suitability of CWSI as a water stress index for SHD olive orchards was also 419 demonstrated through the sound relationships found between CWSI and the reference 420 plant water stress indicators, such as  st ,  l , g sm and E m (Fig. 10) . Interestingly, the 421 CWSI explained 91% of the variability observed in g sm across treatments and 422 phenological periods (Fig. 10c) , whereas the variability of  st ,  l and E m that could be 423 explained with CWSI was only 60%-73% (Figs. 10a, 10b and 10d) . These results are in found that CWSI was linearly related to both g sm and  l and that CWSI was better 432 correlated with g sm than with  l . However, g sm is not always better correlated with
433
CWSI than  l , as recently found in nectarines (Bellvert et al., 2016) . Despite that leaf 434 transpiration (E m ) and g sm are strongly related (Jones, 1992) , the relationship between
435
CWSI and E m was weaker than that with g sm (Fig. 10) , likely because E m depends not 436 only on g sm but also on the boundary layer conductance (g b ) (Jones, 1992) , whose value 437 within the leaf cuvette of the gas analyzer set by the user may greatly differ from the 438 prevailing g b values in the orchard.
In the majority of studies performed to assess CWSI performance on fruit tree species,
440
the variable used to validate the suitability of CWSI as a water status indicator was  st
441
( Gonzalez-Dugo et al., 2014 , 2013 Testi et al., 2008) or  l (Bellvert et al., 2016 (Bellvert et al., , 2015a 2014). However, reported relationships between CWSI and these variables are not 443 always linear, as it has also been observed in this study (Figs. 10a, 10b ) . For mandarin 
